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ABSTRACT

Areas in which ultrasonic energy can be effectively applied in production
metalworking processes, particularly in the mamufacture of Army helicopters
and light aircraft, were explored. Literature covering ultrascnic applica-
tions in various metal forming, metal removal, and metal joining processes
was thoroughly reviewed to establish, in each case, the present status and
the potentisl in terms of cost effectiveness and product improvement. An
annotated bibliography is included in an sppendix.

Several leading Army sircraft mamfecturers were surveyed to exsmine
specific metalworking problems that might be solved by ultrasonic spplica-
tion, and analyses were made to indicate potential benefits snd cost savings
in these areas.

Production equipment and techniques were found available for ultrasonic
tube drawing and ultrasonic drilling of composite materials. Production
engineering was recommended for several processes of short-range applicability:
ultrasonic welding, swaging, turning, boring, twist drilling, broaching, torque
wrenching of small fasteners, press fitting, and tube flaring. Other ultra-
sonic processes of long-range applicability were recommended for further inves-
tigation and possible development: drawing and straightening of rotor spars,
forming of chafing strips, milling, thread cutting, diffusion bonding, wrench-
ing of large fasteners, forging, extrusion, and powder metallurgy processing.
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FOREWORD

This summary report on the feasibility of applying ultrasonic energy to
metalworking processes of significance in the manufacture of Army helicopters
and light aircraft was prepared by Aeroprojects Incorporated, West Chester,
Pennsylvania, under Army Contract No. DAAJO1-72-C-0737(P1G), AMS Code 1497,
Project 1728037. The work was carried out under the sponsorship of the U.S.
Amy Aviation Systems Command, St. Louis, Missouri, with Mr. John Gassner of
USAAVSCOM serving as Contracting Officer's Representative.

This project was funded under the U.S. Army Mamufacturing Methods and
Technology (MM&T) Program, which has as its goal the development of new and
improved mamufscturing methods, processes, and techniques in support of the
production of Army Materiel.

In support of this work, visits to representative aircraft companies
were made primarily by Mr. J. Byron Jones, President, and Mr. Philip C.
Krause, Assistant to the President, of Aeroprojects. Messrs. Jones and
Krause also provided insight in evaluating the potentisa® of the various
ultrasonic processes. Acknowledgement is made of the «~:tributions of
Mr. James D. Anderson, Ferris State College, Big Rapiu., Michigan, who
assembled the information and provided the cost effectiveness studles pre-
sentaed in Appendix A. Appreciation is also expressed to Branson Sonic Power
Company, Danbury, Connecticut, for providing the photographs of Figure 7.

The findings in this report are not to be construed as an official

Department of the Army position unless so designated by other authorized
documents.
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I. INTRODUCTION

This study was undertaken to explore areas in which sonic and ultrasonic
energy can be effectively applied in production metalworking processes, par-
ticularly in the manufacture of Army helicopters and light aircraft. The
areas of specific interest include ultrasonic metal forming, ultrasonic
metal removal, and ultrasonic metal joining.

A. Significance of Investigation

Recent attention has been focused on the skyrocketing costs of military
aircraft, reflecting increased performance and sophistication as well as in-
flationary pressures that have driven up material and labor costs. Mjor
effort is being directed toward reducing costs without sacrifice in aircraft
performance and reliability, and the "design to cost" philosophy has become
the guiding principle in all aircraft manufacture.

Accordingly, the Army is scrutinizing all aspects of initial fabrication
costs of aircraft, as well as life cycle costs as reflected in serviceability
and maintainability. Conventional processing techniques are being examined
to determine if there are ways to make a part or an assembly faster in order
to reduce manpower requirements, with less scrap loss to reduce material
costs, and/or with lower capital equipment investmeat to reduce depreciation
and overhead costs,

Ultrasonic application in various metalworking processes has th= poten-
tial for reducing costs with concomitant improvement in product quality, but
this potential has not been adequately explored nor implemented for the air-
craft industry.

Literature over the past 30 years has lauded the actual or ‘potential
benefits of ultrasonic metal processing, sometimes in glowing and sometimes
in guarded terms. Industrial observers and potential users have generally
been slow to recognize these claims and accept this new technology, often
with some justification.

In a few areas, enterprising aircraft engineers have ventured into
ultrasonic processing only to find that it does not provide an instant solu-
tion to their problems and that there are unresolved difficulties that appear
too costly and time-consuming to pursue. The process may thus be rejected on
the basis that the anticipated benefits do not appear to be worth the effort
involved. The result is a "pie in the sky" attitude toward many of the
claims and a resistance to more thorough evaluation.

On the other hand, ultrasonic investigators have often been intent in
carrying out small-scale feasibility studies in the confines of their labora-
tories without an appreciation of manufacturing problems and without coming
to grips with the task of translating their efforts into specific hardware
for industrial use or providing hard data on the cost effectiveness of a
process.
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In spite of these handicaps, progress has been made. By the mid-1950's,
several ultrasonic processes had received limited acceptance in industry, par-
ticularly ultrasonic soldering, slurry machining, cleaning, and nondestructive
testing. Additional applications in limited production use today, although
not necessarily in the aircraft industry, include ultrasonic welding, tube
drawing, non-slurry machining, certain types of deburring and finishing opera-
tions, and a variety of low-power applications involving measurement and de-
tection.

Industrial activity has been spurred to some extent by the interests
of the Materials Advisory Board of the National Academy of Sciences (now
National Materials Advisory Board) and by the Metalworking Processes and
Equipment Program (MPEP), an inter-agency program involving Army, Navy,
Air PForce, and NASA, concerned with the development and implementation of
new techniques for deforming metals, particularly the newer high-strength and
refractory metals and alloys that resist conventional processing. Under this
program, work has been sponsared in ultrasonic rolling, wire, rod, and strip
drawing, draw ironing, extrusion, and machining, as well as basic studies in
ultrasonic metal deformation. 1In most of these instances, however, economic
feasibility has not been established, and the results have not been translated
into production-type hardware useful to industry.

This study attempts to provide a realistic appraisal of the potentialities
of ultrasonic application in metal forming, metal removal, and metal joining
processes, with a view to determining where the trade-offs favor the use of
these techniques. The effort has involved a survey of past technical achieve-
ments in each area and an appraisal of its present status with regard to in-
dustrial utilization; evaluation of the ultrasonic technology in terms of
immediate and long-range applicability to existing problems in aircraft manu-
facture; examination of the cost effectiveness of such processes for specific
applications; and recommendations for implementation of these processes.

B. Potential Areas for Ultrasonic Application

At the outset of the study, the metalworking areas for consideration
were limited by contract definition and through discussions with USAAVSCOM
personnel to those involving:

1. Processing of metals in the solid state, specifically by metal
forming, metal removal, and metal joining.

#* "Metalworking Processes and Equipment," Publication MAB 206-M (7),
Materials Advisory Board, National Research Council, National Academy
of Sciences, Washington, D. C., September 19¢8. Also T. F. Kearns,
"MPEP--The Metalworking Processes and Equipment Program," Metals
Engineering Quarterly, Vol. L, May 196k, p. 1-1l.




2. Vibratory frequencies above about 5000 hertz, in the upper sonic
and ultrasonic ranges.s

3. High vibratory power levels, wherein ultrasonic energy is used to
perform work.

L. Potential applications in the fabrication and assembly of Army air-
S craft (light fixed-wing aircraft and helicopters) specifically re-
lated to the air frame, rotor or propeller system, transmission
system, controls, and landing gear.

Py Thus the following areas are specifically excluded from consideration:

1. Molten metal processing, as in melt casting.

|
|
|
|

2. Processing of nonmetallic materials such as ceramics and plastics,
except where the same ultrasonic process is effective for both
metallic and nonmetallic materials. Thus we have excluded such
processes as slurry machining, effective primarily for ceramics
and other brittle materials, and ultrasonic welding of plastics,

i which operates by a different mechanism from ultrasonic welding
of metals.

1 3. Ultrasonic cleaning.

L. Ultrasonic applications involving measurement and control, such as
- - nondestructive testing, thickness measurement, material property
’ measurement, and the like.

5. Low-frequency applications, usually involving frequencies of a
few hundred hertz. Such frequencies have been found useful for
¢ certain applications, such as vibratory finishing, stress relief,
v upsetting, forging, and arc welding, but these are included only
insofar as they suggest analogous ultrasonic processes.

6. Potential applications for aircraft avionics, ordnance, and engines,
as in ultrasonic welding, soldering, or drilling in electronics
assembly or ultrasonic ring-weld encapsulation of ordnance devices,

Within the limitations thus imposed, all available literature on ultra-
sonic processing was assembled and carefully reviewed, and pertinent refer-
ences were abstracted. The abstracted references are included as Appendix B.

# For convenience, the type of processing covered in this work is referred
to as ultrasonic, even though the actual frequencies may fall below this
range. In practice, most frequencies used are ultrasonic because of the
noise factor with frequencies in the audible range.




From this literature review, from discussions with personnel of other
organizations, and fram our own experience and knowledge in ultrasonic metal-
working, we have compiled a list, presented in Table I, of metal forming,
removal, and joining processes wherein ultrasonic application has shown
actual or potential beneficial effects.

Table I

POTENTIAL AREAS FOR ULTRASONIC APPLICATION

Metal Forming Metal Removal Metal Joining

Tube Drawing Turning Ultrasonic Welding
Wire Drawing Boring Diffusion Bonding
Rod Drawing Core Drilling Wrenching

Section Drawing

Twist Drilling

Press Fitting

Extrusion Milling Soldering
Rolling Broaching Brazing
Forging Reaming Fusion Welding
Resistance Welding

Swaging Thread Cutting Arc Welding
Coining Grinding
Rivet Upsetting Sawing
Stretch Forming Planing
Tube Flaring Shaping
Dimpling Finishing

Polishing
Draw Ironing Honing

Lapping
Straightening and Bending Deburring

Powder Metallurgy Processing
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With certain of these processes--ultrasonic tube drawing, wire drawing,
tube flaring, core drilling, ultrasonic welding, soldering, and brazing--
production application has been achieved, although some applications engi-
neering may be required to further extend use of the process. For other
processes, prototype equipment has been evolved and successfully demon-
strated, but actual production processing has not yet been achieved. Still
other processes have shown promising results on a laboratory scale, but
further research and/or development, as well as applications engineering,
is required to achieve production utilization.

Section II of this report provides background summaries for many of the

processes listed in Table I, defines the present status of each, and indi-
cates its potential in terms of cost savings and product improvement.

C. Aircraft Industry Survey

To provide meaningful orientation to this study, visits were made to
several leading manufacturers of Army helicopters and light aircraft to ex-
plore problem areas which may be amenable to solution by ultrasonic process-
ing, as well as other metalworking areas wherein production may be facili-
tated by ultrasonic application. The results of this survey, discussed in
detail in Section III, indicate the universa.ity of certain problems, reveal
substantial interest in the ultrasonic potential for solving same of these
problems, and underline specific areas of major importance.

The ultrasonic processes listed in Table I have accordingly been grouped
to reflect the interest of the aircraft industry. Table II indicates areas of
major interest, of minor interest, and of little or no interest. The eval-
uations included herein place greatest emphasis on the areas of major interest,
although other processes that appear to have long-range potential also receive
consideration.

D. Cost Effectiveness Studies

Consideration has been given to potential cost savings that can be
achieved by substituting an ultrasonic process for an existing one or by
using ultrasonic energy as an assist to a conventional process. Generally
the cost savings can be attributed to one or more of the following factors:

1, Increased processing rates. Accelerated metal forming and metal
removal under ultrasonic influence, for example, have been re-
peatedly demonstrated, and production unit cost savings with this
factor alone can be substantial,

2. Reduced force requirements, so :hat lower capacity machines can be
used or a machine of a given capacity can be used for a broader
range of applications, thus effecting savings in capital equipment
investment.



Table II1

AREAS OF INTEREST EXPRESSED BY ATRCRAFT COMPANIES IN
ULTRASONIC PROCESSING

Major Interest

Minor Interest

Little or No Interest

Metal Forming

Metal Removal

Metal Joining

Swaging

Tube Drawing
Section Drawing
Straightening
Tube Flaring

OD Turning
ID Boring
Twist Drilling
Finishing

Ultrasonic Welding

Weld Bonding
Diffusion Bonding
Wrenching

Press Fitting

Tube Bending
Riveting
Dimpling
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3. Elimination of discrete process steps. In tube drawing, for
example, it has been shown that a three-draw operation may be re-
duced to two draws with ultrasonics or that certain intermediate
annealing operations may be eliminated. In metal removal, the
altered surface finish may eliminate or minimize the necessity
for certain finishing operations. In ultrasonic fluxless solder-
ing and brazing, the necessity for subsequent cleaning for flux
removal is eliminated.

i. EBxtended tool life. In metal removal operations, effective tool
life may be extended severalfold when the tool is ultrasonically
activated, so that machine downtime for tool changes is substan-
tially reduced.

5. Fewer rejected parts or assemblies. With the improved product
quality achieved with ultrasonic processing, material and labor
costs that go into producing components subsequently found to be
unacceptable can be sharply reduced.

6. Extended service life of component or assembly. and/or reduced
maintenance. For example, the bolt head corrosion problem re-
quires constant surveillance, and detailed inspection procedures
are prescribed for eritical bolted assemblies; an ultrasonically
ring-welded metal patch over the bolt head, to replace currently
used protective coatings, would provide a hermetic seal of greatly
extended life, with substantial reduction in maintenance costs.

Cost savings emanating from the above would of course be offset to some
extent by costs associated with introducing ultrasonic processes into produc~
tion operations: ultrasonic equipment costs; costs of modifying conventional
machines to accept ultrasonic systems where this is possible; costs of special
tooling; and costs of developing and/or engineering the ultrasonic process to
the production stage in areas where production techniques and tooling are not
yet available.

In order to obtain a more specific indication of potential cost savings,
we retained the services of Mr. James D. Anderson, Machine Tool Department,
School of Technical and Applied Arts, Ferris State College, Big Rapids, Mich-
igan, who has had significant experience in aircraft and helicopter manufac-
turing, particularly at North American Aviation and Hughes Tool Company.

Mr. Anderson assembied cost information, insofar as it could be made
available, on some operations of urgent concern to several of the aircraft
companies and evaluated potential time and cost savings that could be
effected with ultrasonic processing. The operations covered were in the
areas of ultrasonic welding, swaging, drilling, press fitting, and wrench-
ing. A summary of his work is included as Appendix A.



II. SURVEY OF ULTRASONIC METALWORKING PROCESSES

As indicated in the literature review of Appendix B, there has been much
examination and experimentation in ultrasonic application to the whole range
of metalworking processes, A few of these ultrasonic applications have
achieved production status; others have reached an advanced state of develop-
ment and production use is imminent; still others require further experimen-
tation and development to establish their effectiveness as a production tool,
although technical benefits may be apparent.

It should be observed that ultrasonics may not always be an effective
adjunct to a metalworking process nor does it solve all metalworking prob-
lems. In some instances the projected benefits are highly speculative and
may be incapable of realization in a production environment, at least in
the present state of the technology. Perhaps the benefits are small and do
not justify development or equipment costs; perhaps ultrasonic power require-
ments are beyond the capabilities of existing or presently projected ultra-
sonic equipment; perhaps the problem of coupling the ultrasonic energy into
the work area presently appears insurmountable. Application and use of this
new technology must be selective.

The evidence indicates, however, that ultrasonics 1s and can be an effec-
tive production tool for many applications. The years of research and de-
velopment have paid off. We have learned much of the basic mechanisms of
ultrasonic effects on metals and of how to transmit the energy effectively
into metals. Concomitantly, there have been engineering advances related to
thb development of highly efficient ultrasonic generating, transducing, and
transmitting systems that contribute to economic feasibility.

The basic requirements of any ultrasonic system are: the frequency con-
verter, which converts ordinary 60-hertz electrical line power to the fre-
quency of operation; the transducer, which converts the high-frequency elec-
trical power from the converter into high-frequency mechanical vibration; and
the coupling system, which transmits the vibratory energy from the transducer
to the work. Recent developments in all of these areas have given strong
impetus to production use.

Solid-state frequency converters of the silicon-controlled rectifier (SCR)
or transistorized types provide substantial advantages over the older electron-

tube and motor-generator types. In comparison, the solid-state devices are
smaller, more compact, lighter in weight, and easier to maintain. More sig-
nificant is the fact that these devices have approximately 90 percent conver-
sion efficiency, compared to about 50 percent for the electron-tube conver-
ters. An ancillary development is that of automatic frequency control for
precise system matching during the varying conditions of a process cycle.

Conversion of electrical to vibratory power has been greatly facilitated
by the development of highly efficient transducer assemblies incorporating
disks of advanced electrostrictive ceramic compositions such as lead zirco-
nate titanate. Until recently, the most satisfactory transducers were
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laminated nickel stacks, which are rugged and durable and can withstand high
temperatures and some degree of overloading., Their efficiency is low, how-
ever, and only about 25-35 percent of the input electrical power is converted
to acoustical output power, The new ceramic transducers, designed into
rugged, compact, relatively inexpensive assemblies, have electromechanical
conversion efficiencies of 75 percent or higher, so that substantially lower
electrical input power is required to achieve equivalent acoustical output.

Acoustical coupling systems, which serve as links between transducer
and work area, have also been developed to a state of high efficiency through
intensive evaluation of materials of construction and geometry. Effective
materials include stainless steel, K-Monel, aluminum-bronze, beryllium-copper,
and 6A1-LV titanium alloy because they withstand high cyclic and static
stresses, permit reasonable acoustic impedance match with other components,
and exhibit low vibratory energy loss. The geometry of such systems is de-
pendent on end-item use.

It is now generally recognized that any ultrasonic system, to achieve
maximum effectiveness, must be designed specifically for its end use. His-
torically, much experimentation has been nonproductive because "generalized"
equipment was used and not enough attention was paid to acoustic impedance
matching into the work material. The work-contacting tool, which terminates
the coupling system, requires the same meticulous acoustic design considera-
tion as any other member of the acoustic energy train.

A recurrent problem has been evident in many applications involving
transmission of ultrasonic energy into metals under high static loads. Fre-
quently a transducer is noted to "stall" when loads of more than a few pounds
are applied through the systems., Various nodal mountings and other arrange-
ments have been used in an effort to minimize this problem, It has become
evident that high-power ultrasonic transmission requires the use of force-
insensitive mounting systems which prevent vibratory energy loss to the sup-
port structure and minimize frequency shift under such conditions. The mount
is essentially an axially resonant member, often a sleeve metallurgically
attached to the transmitting coupler at one end and with the opposite end
free., With high acoustic impedance into air at the free end, almost complete
wave reflection occurs; a true vibratory node is produced at the point of at-
tachment, and an antinode, with maximum vibratory amplitude, at the terminus
of a prcperly designed coupling system. Such force-insensitive mounts have
been effectively used with static loads of several hundred tons.

The above equipment developments are largely responsible for the emer-
gence of some aspects of ultrasonic metalworking from the laboratory into
actual or imminent production usage.

It should be noted that in these processes the vibratory frequency
%r se is not usually a controlling parameter. Essentially equivalent re-
sults have been obtained over the range from 15 to 75 kilohertz, and higher
or lower frequencies appear to show no markedly different effects. Fre-
quency, however, does govern the size of the transducer, and the higher fre-
quencies may be indicated where physical space or weight restrictions dictate
a smaller transducer-coupling system. Conversely, the larger vibratory



amplitudes associated with the lower frequericies may be desirable for cer-
tain applications.

Vibratory power, on the other hand, is an important variable in any
application. Usually there is a lower power threshold below which no sig-
nificant effect is obtained. There is also frequently an upper limit beyond
which vibratory energy may damage a workpiece. This parameter needs to be
examined for any given application. s

In the following pages, each of the various metalworking processes is
examined with regard to its present status, mechanism of operation, equipment
requirements, observed effects, and actual or potential benefits for indus-
trial use. &

A. Metal Forming

The areas of metal forming in which ultrasonic application has provided
useful effects include both tension and compression forming process: drawing
of tubing, wire, and rod; stretch forming such as deep drawing, draw ironing,
tube flaring, and dimpling; forging-type processes such as upsetting, closed
die forging and swaging; primary metal working by rolling or extrusion; bend-
ing and straightening; and powder metallurgy consolidation processes.

Ultrasonic effects in facilitating such forming processes have been at-
tributed to two major phenomena: increased metal plasticity and reduced fric-
tion between the tool and the workpiece. The extent to which each contributes ;
has not been determined quantitatively, and it is possible that the relative
significance differs for different forming processes.

The discovery that metals deform more readily with ultrasonic excitation
dates back to the mid-1950's,# when experimentation in tensile stressing of
fine metal wires under vibratory influence showed substantial reduction in the
yield strength and increase in elongation of the wire. The magnitude of the
effect was independent of frequency but increased linearly with increasing
vibratory power or amplitude. This phenomenon is attributed to ultrasonically
facilitated formation and movement of dislocations within the crystal lattice {
structure so that intercrystalline slip can take place more readily.

The friction-reducing effect of ultrasonics can be surmised by tactile
sensation: an ultrasonically excited coupler or tool feels slippery to the
touch. This phenomenon has been demonstrated independent of the plasticity
effect, as for example in the assembly of close-tolerance parts or the
torque-tightening of threaded fasteners. Reduction of frictional forces
normally acting between a forming tool, such as a die or punch or roller,
and the workpiece facilitates the forming process primarily by reducing the
force required for deformation.

# Literature on this phenomenon is not included herein but is reviewed rather
extensively in Refs. 5 and 16 in Appendix B.
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The results of the reduced friction and increased plasticity, in addi-
tion to reduced force requirements, are generally evident in terms of in-
creased processing rates, increased deformation per pass, and possible elimi-
nation of one or more processing steps, all of which effect savings in
processing costs. In addition, product quality may be improved as with
closer tolerances, improved surface finish, and/or improved mechanical

2 properties. Specific advantages for each process are indicated in the
discussions below,

|

1. Tube Drawing (Refs. 19-L0, P16, P2L-P27, P29, P31, P33)

Since the earliest known work in ultrasonic tube drawing in the
early 1960's, this process has made rapid progress and is being effectively
used in production with report=d substantial time and cost savings. Initially
developed for drawbench drawing with an ultrasonically activated plug, it has
also been applied to bull block drawing with ltrasonic die activation.

T LT L R g e v T F

§ In plug drawing, which involves drawing of tubing over a plug or
mandrel supported at the end of a back support rod (of suitable length for
the tube being drawn), the ultrasonic energy is transmitted longitudinally
through the back support rod, with the transducer-coupling system screw-
attached at the rod end opposite the plug. For effective transmission, the
rod/plug assembly must be tuned and impedance-matched to the transducer-
coupling system frequency. Such systems can be installed on conventional
drawbenches with minor modification, generally involving only a means for
supporting the transducer-coupling assembly at the end of the bench and
acoustical design of the rod and plug. Ultrasonic plug drive systems are
available in multiples so that, for example, one rod can be loaded while
another is being drawn,

In ultrasonic die drive systems, vibratory energy from the trans-
ducer is usually transmitted through a curved wave guide system (providing
clearance for the drawing operation), which teminates in a die holder into
which interchangeable dies are threaded and locked. The die is thus excited
in a longitudinal moae. Such a system may be installed on a standard draw-
bench, possibly even in conjunction with an ultrasonic plug drive system, or
on a bull block for continuous drawing of small-diameter tubing.

A number of production benefits have been reported by users in
terms of both reduced costs and higher quality tubing:

a. Reduction in required draw force, usually in the order of
20-L4O percent, but sometimes as high as 75 percent, so that
there is less hazard of tensile fracture of the tubing.

b, Increased cross-sectional area reduction per pass so that
fewer passes are required to achieve a given size.

c. Possibly elimination of one or more interdraw anneals,
d. Increased drawing rates, particularly with materijals normally
difficult to draw.

11
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e. Elimination of stick-slip and chatter, resulting in smoother
drawing and prolonged tool life,

f. Minimized lubricant breakdown and possible use of lower grade
lubricants,

g. Smoother surface finish. With ultrasonic plug drive, ID
finishes of 3-8 microinches are reproducibly obtained;
16 microinches is considered exemplary with non-ultrasonic

drawing.
h. Improved dimensional control over long lengths.

i, Increased diameter-to-wall thickness ratios. Whereas 50:1 is
atout maxiram in non-ultrasonic drawing, ratios up to 500:1
have beern achieved with ultrasonic activation.

j. Ability to draw from round to complex shapes in a single pass.
k. Sharper corner radii for angular-section tubing.
1. No residual effect on microstructure or mechanical properties.

Various of these effects have been achieved in production processing
of tubing ranging from hypodermic needle size to about 2-1/2 inches diameter
by 1/L-inch wall thickness. Processed materials include common metals such as
aluminum, copper, and steel, as well as more exotic and difficult-to-draw ma-
terials such as titanium, niobium, Zircaloy, beryllium-copper, cupro-nickel,
Monel, and phosphor-bronze. Reported savings in processing time and cost
range up to 35-LO percent,

The greatest effectiveness of the process has been found in the
drawirg of tubing that is difficult or impossible to cold-draw by the usual
techniques, as in thin-wall or complex-shaped tubing, or in the manufacture
of tubing that must meet stringent design requirements, as for aerospace and
nuclear applications, pressure and instrumentation tubing.

2.  Wire Drawing (Refs. L41-68, PlL, P15, P17-P2L, P28, P30-P32)

Ultrasonic wire drawing, first described in a patent filed in 19Lk,
has been investigated extensively, and production use has been established.
Its basic mechanisms are the same as for tube drawing--reduced friction be-
tween the wire and the draw die and possibly also increased metal plasticity--
and many of the same beneficial effects are achieved.

The process involves ultrasonic activation of the draw die. Longi-
tudinal, torsional, and transverse modes with reference to the wire axis have
variously been investigated; greatest effects are generally obtained with the
longitudinal mode. Usually drawing is carried out in air with an applied
lubricant, but a recently developed technique, said to be used in production
at rates up to 2000 feet per minute, involves drawing through one or more
dies immersed in a liquid lubricant which simultaneously cleans the wire and
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prevents accumulation of debris at the mouth of the die. As with tube draw-
ing, mounting of ultrasonic systems on conventional wire drawbenches is
feasible.

Reported benefits of ultrasonic wire drawing over conventiocnal
drawing include:

a. Substantially reduced draw forces, which may range up to
75 percent reduction at the lower draw speeds. This effect
increases with increasing ultrasonic power and decreasss
with increasing draw speed.

b. Increased area reduction per pass. In a wet drawing operation,
copper wire of 0,0l-inch diameter was reduced to 0.003 inch
through 9 consecutive dies; 1l dies were required for non-
ultrasonic drawing.

¢. Reduced wire breakage especially with fine wires of brittle
materials.

d. Facilitated drawing of difficult-to-draw materials and elimi-
nation of the necessity for cladding the wire vorior to draw-
ing. For example, beryllium wire, which is ordinarily nickel-
clad and drawn warm, was ultrasonically cold-drawn in con-
tinuous lengths without cladding from 0.005 inch to 0.001 inch
in successive draws,

e. Reduced die heating and wear,
f. Improved surface finish and more uniform wire diameter.

g. Poussibly more homogeneous and finer-grained metallurgical
structure.

h, 1Increased ductility in the drawn wire and with probably negli-
gible effect on its tensile strength (increases, decreases,
and no change in tensile strength have variously been reported).

Ultrasonic techniques have been effectively used in drawing wires
of aluminum, copper, steel, nickel, lead, tin alloy, titanium, and molybdenum.
Production drawing is economically feasible because of relatively low ultra-
sonic power requirements and because existing drawbenches can be equipped for
ultrasonic activation with some modification.

It is anticipated that production use of the process will be extend-
ed. One potential application, not mentioned in the literature, is for draw-
ing fine wires of horon, etc. used in the fabrication of fiber-reinforced
composite materials,

13



3. Rod and Section Drawing (Ref. 55)

Although ultrasonic drawing of rods and other elongated workpieces
of constant cross section has received only minor experimental consideration,
these processes offer the same potential as ultrasonic tube and wire drawing:
increased drawing rates, reduced draw forces, greater reduction per pass,
minimized chatter and stick-slip, drawing of otherwise difficult-to-draw
materials, etc. Activation of the draw die is involved, at least for solid
cross sections, but ultrasonic power requirements could be considerably
higher than for tube or wire drawing, depending on cross-sectional area.

Further development is required to determine the interaction of
ultrasonic and processing variables; economic feasibility will need to be
established; and a survey must be made to determine potential applications
in industry.

L. Extrusion (Refs. 69-73, 117, 130, P3L-P37)

Experimentation and some limited pilot plant work has indicated
that ultrasonic extrusion offers substantial potential for fabricating parts
from both bulk and powdered metals.

Extrusion of bulk metals (aluminum, lead, copper, and brass) has
been carried out at suitably elevated temperatures with ultrasonic activa-
tion of the die, ram, or cylinder; most effective results are obtained with
die activation. The benefits include:

a. Extrusion rate increases up to about 300 percent and/or force
reductions of up to 50 percent.

b. Reduced friction between work material and tooling and improved
metal flow.

c. Higher extrusion ratios.

d. Improved effectiveness of lubricants,

Extrusion of powdered metals evolved from earlier work in ultra-
sonic extrusion of ceramic powders usually mixed with plasticizer and water.
Die activation was used, at times also with mandrel activation in extrusion

of hollow objects. Demonstrated advantages of such processing include:

a. Extrusion rate increases up to several hundredfold and/or
force decreases up to about 90 percent.

b. Reduced plasticizer and water content, with effective extru-
sion of mixes too stiff for conventional extrusion.

c. Increased green density and strength from closer particle

packing so that handling of the extrudate before plasticizer
burn-out and sintering is facilitated.

1
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d. Improved surface finish, free from tears and cracks.
e. Improved concentricity with tubular members.

This technique was used for the experimental fabrication of cupro-
nickel tubing which, after sintering, was ultrasonically cold-drawn to the
required size. Density of the final product was 98-99 percent of theoretical,
and strength was equivalent to that of the wrought product. Economic analysis
of the process indicated production costs at least competitive with those of
equivalent wrought tubing. Refinements of the process are required for full-
scale production application.

Both bulk metal and powder metal extrusion with ultrasonic applica-
tion appear practical and economical for production use with further develop-
ment. Ultrasonic systems for either die or mandrel activation can be in-
cialled on modified conventional extrusion presses.

5. Rolling (Refs. 7L-83, P38-PL2)

Ultrasonic rolling has been investigated in only limited experimen-
tation with wire flattening, ribbon rolling, and rolling of strip metal up to
a few inches wide. The mechanism is the same as with other metal forming
processes: reduced friction between the rolls and the material being worked,
and increased formability of the material.

Various techniques have been used to activate the metal, and the
literature indicates that the greatest range of experimentation has been car-
ried out in Russia. One or both of the work-contacting rollers has been acti-
vated in the longitudinal, torsional, or radial mode, and the metal sheet
itself has been excited to vibration via the tension device for pulling the
strip between the rolls.

Claimed advantages, demonstrated with aluminum, copper, steel, and
lead strip material and with zinc and molybdenum wires, are:

a. Decreased force requirement (up to 70 percent reduction) and/or
increased thickness reduction,

b. Increased rolling rate.
c. Reduced heating, lubrication, and annealing requirements.
d. Reduced friction and wear on the roller bearings.

e. Decreased grain size and improved mechanical properties of the
rolled material.

With the present state of ultrasonic technology, it is doubtful
that ultrasonic rolling can be practical or economical except for relatively
narrow strip or wire. The ultrasonic power and equipment requirements for
standard wide sheet would probably not justify the improvements attainable.
Even for strip materials, development costs will be substantial.
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6. Forging (Refs. 84-96, P61)

Little investigation of ultrasonic forging has been carried out
except for free upsetting of small specimens of aluminum, copper, steel,
and lead, but the potential certainly exists for closed-die forging with
an ultrasonically activated press, particularly in view of the results ob-
tained with ultrasonic extrusion, which also involves metal compression.

Ultrasonic upsetting has been demonstrated to effect:

a. Substantially reduced upsetting forces. In one investigation
it was noted that with sufficient vibratory intensity the
pressure could be reduced essentially to zero.

b. Reduced upsetting temperatures.
c. Increased effectiveness of lubricant,

d. Increased homogeneity and refined grain structure in the upset
specimen.

e. Increased hardness and freedom from porosity.

Here again the effects were attributed to reduced friction and increased
metal plasticity.

Although substantial development effort will be required to realize
these benefits for closed-die forging, there appears to be real potential for
producing superior forgings of relatively small parts, free from cracks and
residual stresses so that longer service life can be anticipated. Because of
the decreased force requirements, smaller presses could be used or press
capacity increased.

One forging-like operation that offers the possibility of more
immediate use is swaging, for example, of tubes onto end fittings. Usually
relatively small metal masses are involved, and ultrasonic activation of a
swaging tool could improve metal flow into grooves and threads to provide
a stronger, more durable assembly.

7. Rivet Upsetting (Ref. 97-103, P59, P63)

Experimentation within the past few years has shown considerable
effectiveness with ultrasonic excitation during upsetting of rivet heads,
with such benefits as:

a. Reduced force requirements in the range of 50.1 to 100:1,

b. Greater head height i‘educt.ion.

Cil Improved shank expansion and hole fill, perhaps with actual
bonding in the joint around the shank.
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d. Freedom fram cracking and splitting of the rivet head.
e. Increased joint strength.

Such effects have been demonstrated with rivets of up to 5/l6-inch diameter
of alumimum, titanium, and steel.

In at least some of the investigations, ultrasonic systems for this
operation were installed on commercial riveting equipment, transmitting vibra-
tory energy axially through the rivet. The force reductions are said to per-
mit smaller, lighter, simpler, and less expensive equipment, less cumbersame
to operate. Portable ultrasonic riveters for use in the field appear feasible.
The improved quality of the joint, increased operating facility, and equipment
cost savings, as well as the possibility of noise abatement with ultrasonic
operation, suggest that further development into a production technique would
be profitable.

8. Stretch Forming (Refs. 104-112, P10-P13, PS6-P58)

Various forming operations, includinc dimpling, tube flaring, deep
drawing, and draw ironing have been facilitsted by ultrasonic sctivation of
the forming tool in either an axial or a torsional mode. Such processing has
been used with alloys of alumimum, copper, steel, nickel, and titanium.

Both cost savings and product improvement have been demonstrated in
terms of':

a. Reduced force requirements and/or increased deformation.

b. Elimination of one or more processing steps, such as draw
passes or intermediate anneals.

c. Possibility of forming to geometries otherwise difficult to
achieve in a given material.

d. Elimination of cracks, splits, ripples, or other imperfections.
e. Improved surface finish.
f. Closer dimensional tolerances.

In dimpling of aluminum and titanium alloy sheet up to 0.040 inch
thick, dimples produced at room temperature with an ultrasonically activated
die were "at least as good" as those obtained with a non-activated but heated
die. These results were obteined in spite of recognized vibratory dampi
difficulties (apparently a force-insensitive mounting system wss not used),
and the investigators considered it feasible to sdept existing dimpling equip-
ment for ultrasonic sctivation.

Ultrasonic tube flaring to angles of from 30 to 90 degrees has

frequently been used on a pilot-production basis with materials that are
ordinarily difficult to flare without local heating or annealing. A
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frequently used technique in ultrssonic ring welding involves flaring the
mouth of a cylinder to a 90-degree angle to provide & flat flange for weld-
ing a closure thereto, followed by re-forming to & cylindrical geometry.

With ultrasonic flaring, the flange material is not damaged even in the re-
forming operation. In one application, aluminum and steel tubing was flared
to the precise dimensions and surface finish required for spacecraft use, and
excellent reproducibility was obtained.

With most of the stretch forming operations, the potential of ultra-
sonic application can be realized only with further development effort.
Ultrasonic tube flaring, however, appears to require only production engi-
neering oriented to specific end-item use.

9. Bending and Straightening (Refs. 113-11L, PL3-PL7, P60, P62)

Sporadic investigations in ultrasonic bending and straightening in-
dicate potential benefits in these areas in terms of achieving more permanent
set in the material with less springback. This effect appears to involve in-
creased metal plasticity and flow under ultrasonic influence, attributed to
activation and migration of dislocations in the lattice structure, eventually
forming locked lattice defects.

For example, ultrasonic application during tube bending is noted to
promote metal flow from the inside to the outside of the bend so that wall
thickening and thin-out are reduced. Application during coiling of coil
springs eliminated the usual normalizing process. lLess springback was meas-
ured when steel ribbons were bent or twisted with simultaneous ultrasonic
activation. Integrally reinforced metsl extrusions were more effectively
straightened with contoured rollers when ultrasonic energy was applied, pro-
viding a smoother serodynamic surface. Relief of internal stresses was ob-
served to be a contributing factor.

Further investigation should be carried out in this area with
respect to the mechanisms involved and the interaction of variables to pro-
duce the desired geometrical stabilization, and engineering development is
required for a given application to establish equipment requirements.

10. Powder Metallurgy Processing (Refs. 115-130, PL48-P55)

Since powder metallurgy processing is becoming recognized as a
means for fabricating more or less complex parts without extensive machining
and material scrap loss, the potential benefits of ultrasonic application in
this technology become increasingly significant.

Current techniques usually involve blending of the metal powders,
perhaps with the addition of a lubricant; compaction at high pressures into
a preform approximating the end geometry; sintering; and hot forging or coin-
ing or finish machining to the final geometry. The consolidation step may in-
volve hot pressing, cold pressing, extruding, roll compacting, or the like.
All of these consolidation processes are improved by ultrasonic application.
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Ultrasonics has been variously applied to the punch, ram, die, man-
drel, or contalner in axial, transverse, torsional, or bell modes in process-
ing a wide range of metal, ceramic, and cermet powders. Although much of the
work in the United States has involved ceramic processing, applicability to
metal powder processing has also been established. Stated advantages include:

a. Reduced temperature and/or pressure and/or time required to
achieve a given density.

b. Reduced binder or plasticizer or lubricant content in the
initial mix.

c. Increased green density and strength to facllitate handling
of the preform before firing.

d. Increased density and strength after sintering.

e. Improved homogenelty with mixed powders.

f. Greater dimensional accuracy and stability.

g. Improved surface finish with less tearing and cracking.

These effects are usually attributed to reduced interparticle fric-
tion so that closer particle packing is achievable, as well as reduced wall
friction. Interparticle bonding, removal of adsorbed gases from particle
surfaces, and creep rate acceleration have also been mentioned as possible
mechanisms.

Development effort will be required to evolve techniques and equip-
ment for specific materials and end geometries, but such effort appears justi-

fied in terms of achieving the high product quality required for aircraft
components.

B, Ultrasonic Metal Removal

Ultrasonic application to metal removal processes was first proposed in
Germany in the late 1930's (Ref. P66), with claims of accelerated cutting and
greater dimensional accuracy with lower applied forces than normally required,
in such operations as turning, sawing, milling, planing, and boring. For the
next 20 years there was little significant activity in this field except as
described in patent literature. During this period, ultrasonic slurry machin-
ing of hard, brittle materials (omitted from this study) was evolved to pro-
duction use, and out of this work came some equipment developments claimed to
be applicable to other types of machining processes.

Since 1960, increasing attention has been given to single-point and

multi-point cutting of materials with ultrasonically excited tools, and de-
velopments indicate that production use of such processes is imminent.
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Although the results obtained have sometimes been contradictory, possibly
because of different equipment setups and approaches, most current investi-
gators agree that ultrasonic tool activation increases the rate of metal re-
moval, reduces tool forces, increases tool life, eliminates machine chatter,
and improves dimensional accuracy and surface finish on the machined part.

The mechanisms involved in achieving these effects have not been clearly
established. One factor is certainly reduction in friction between the tool
and the work material. There is possibly also local softening in the material
just shead of the tool, perhaps due to dislocation movements and/or localized
heating, so that tool penetration is facilitated.

Extensive production use can be forecast for ultrasonic turning, boring,
twist drilling and core drilling. Technical feasibility is unquestionably
established, production-type equipment is available or imminent, and economic
feasibility is being established. Other processes such as milling, broaching,
and thread cutting offer substantial promise but will require further develop-
ment before realistic appraisal of their potentialities can be made.

1. Turning and Boring (Refs. 137-152, P88-P91)

Within the last ten years, the benefits of ultrasonic activation of
cutting during lathe turning and boring have been realized, and appropriate
equipment has evolved through several generations to prototype production
models for a limited range of applications.

Experimentation in various modes of activation of the cutting tool
with respect to the workpiece has led to general agreement that the tool
should vibrate into and out of the cut being made. With OD turning, this
has resulted in a tool post providing tool activation in a direction tangen-
tial to the OD surface. With ID machining, the boring bar is activated in
the torsional mode. Ultrasonic systems of both types are designed for mount-
ing on the cross slide or compound of a standard engine lathe via an appro-
priate adapter plate.

Both faster processing and improved cutting characteristics have
been variously reported. Negative results obtained in some early experimen-
tation are probably attributable to the operating conditions used. Actually
the process as applied to a given material involves complex interactions
between ultrasonic parameters of vibratory mode and direction, power, and
tool amplitude and standard operating parameters of cutting speed, depth of
cut, and feed rate. The more recent work indicates the following effects to
be achievable:

a. Increased rates of material removal.

b.  Significant reductions in tool force (up to about 70 percent
reduction).

c. Elimination or marked reduction in tool edge buildup.

d. Elimination of tool chatter.
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e. Longer tool life.
f. Less heating of workpiece.

g. Improved surface finish, without the waviness and surface tear-
ing that sometimes characterize non-ultrasonic cuts.

h. Chips characterized by greater curl radius, smoother edges,
and evidence of more uniform lateral flow.

i. Less subsurface workhardening or damage as observed micro-
scopically.

An Atomic Energy Commission installation is currently using ultra-
sonic tool posts and boring bars for machining certain difficult-to-machine
ceramics; reportedly the major objective of this work--improved surface finish--
is beling reproducibly achieved.

Thus production applic&tion of ultrasonic boring and turning is
imminent. Further efforts should involve establishing appropriate machin-
ing conditions for a wide range of materials, as well as developling heavy-
duty ultrasonic systems for installation and use on turret lathes.

2. Drilling (Refs. 153-168, P92-P100)

Two types of ultrasonic drilling, both involving rotary tools, have
received considerable attention within the last few years: drilling with a
diamond-impregnated tool, for which standard commercial equipment 1s availa-
ble, and twist drilling, which is in the prototype stage.

The rotary diamond-impregnated drill is an outgrowth of the ultra-
sonic abrasive slurry machining process that evolved to production use in the
1950's. In this case, the abrasive particles are added to the tool, and the
tool is made to rotate to effect abrasion and material removal from the work-
piece; the complexities of using a slurry are thus avoided. The rotary
machine tool, which can be variously used for drilling, milling, and thread-
ing, can be installed on a standard drill press or milling machine. Its
greatest usefulness is in machining nommetallic materials such as ceramics,
composites, and other hard, brittle materials. It is included here as a sig-
nificant technique because of the increasing interest in boron-epoxy and
other composites as aircraft materials.

Advantages of this type of drilling over non-ultrasonic processes
for drilling such materials include:

a. Increased cutting rates (up to 100 percent increase).
b. Lower cutting forces on tool and workpilece.

c. Reduced tool loading.

d. Longer tool life (threefold increase).

e. Elimination of core seizure in core drilling.

f. Elimination of binding seizure in deep-hole drilling.
g. Increased drilling accuracy.

h. Less material tear-out and improved surface finish.
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In view of its effectiveness in drilling composite materials, in-
creasing production use should be made of this process. The largest sige
holes that can be effectively drilled with solid drills is about 3/8-inch
diameter; with core drills, 1-1/2-inch holes in composites have reportedly
been drilled at rates up to 2-1/2 inches per mimute.

Ultrasonic twist drilling, for which prototype equipment is availa-
ble, involves modification of a standard drill press to incorporate an axial
ultrasonic system for twist drill activation. Its primary effectiveness is
with metals, as demonstrated in work with alumirmuum, copper, steel, and ti-
tanium. TIts advantages over standard twist drilling include:

a. Higher rates of material removal (up to fourfold and higher).
b. Reduced torque and thrust loads and elimination of chatter.
c. Less tool breakage and longer effective tool life,

d. Holes drilled to greater depth without tool retraction.

e. Improved chip clearance from the hole.

f. Cleaner hole breakout.

g. Improved dimensional tolerances.

This technique is available not only for ordinarily difficult-to-
drill materials such as titanium, but also for soft gummy materials such as
alumimum and copper, and requires only applications engineering for exten-
sion of its usefulness.

3. Milling and Broaching (Refs. 169-173)

Very 1ittle work has been done in applying ultrasonics to milling
and broaching machines, but the few reports uncovered in the literature indi-~
cate effects similar to those obtained in other chip machining processes:

a. Reduced cutting force and power,

Y. Increased depth of cut.

c. Increased rate of material removal.
d. Inhibited chatter.

e. Improved surface finish.

These effects have been demonstrated with materials such as alumirum, copper,
steel, brass, titanium, and carbides.

Process development should be facilitated by the technology already
evolved in other machining processes. Presently foreseeable applications are
probably limited to relatively small-scale applications. The power available
with existing ultrasonic equipment is not sufficient for a massive operation
such as slab milling, for example, although future developments mey well make
it practical.

L. Thread Cutting (Refs. 174-180, P122)

Sufficient work has been carried out with ultrasonic thread cutting
and tapping, using workpiece materials such as alumimm, copper, brass, steel,
magnesium, and titanium, to indicate the potential of such processes in terms
of:
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a. Torque reduction (up to 93 percent specified).
b. Greatly improved ease of tool withdrawal and chip expulsion.
c. Accelerated cutting rates.
d. Elimination of workpiece tearing.
e. Improved thread quality and surface finish.

With the already accomplished development work in other ultrasonic
machining operations, it appears that only moderate englneering development
is required for production application, and that cost effectlveness can be
evaluated on the basis of equipment purchase and operating costs versus
product and process improvements.

S. Grinding (Refs. 181-192, P101-P106)

Work in ultrasonic grinding has progressed in three directions.
One involves activation of the grinding wheel in any of several modes,
another involves vibration of the workpiece as it is pressed against the
wheel, and a third employs excitation of a coolant jet impinging against
the wheel. so that cavitation in the liquid rids the wheel of embedded metal
particles.

Some of the reported results are contradictory, particularly with
regard to effect on wear of the grinding wheel and on production rate. The
most recent experimentation, however, shows beneficial effects on these param-
eters. In general, the improvements with ultrasonic activation of any of the
three types are:

a. Substantially reduced wheel loading and longer times between
redressings.

b. Increased wheel life, although some instances of more rapid
wheel breakdown were observed.

C. Incre?sed material removal rates (decreased rates were also
noted).

d. Elimination or reduction in tool chatter.

e. Reduction in grinding temperatures by as much as several hun-
dred degrees, with consequent elimination of warping, distor-
tion, and other evidences of excessive heat.

f. Reduced residual stresses and stress cracking.

g. Improved surface finish and dimensional accuracy.

In several instances, ultrasonic grinding was used to sharpen steel

and carbide cutting tools. In subsequent lathe turning {non-ultrasonic) of

heat-resistant alloys, these tools exhibited up to 100 percent increase in
tool 1life and also permitted increased cutting speeds.
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Prototype equipment consisting of an ultrasonic spindle vibrating a
special wheel and hub assembly has been instelled and operated on internal,
external, and surface grinders, and simulated production runs showed twofold
to fivefold increase in material removal rates. It appears that production
use of this process should be investigated in ter s of economic feasibility.

6. Finishing (Refs. 193-20k, P107-P119)

Ultrasonic application is reported to produce beneficial effects in
a variety of finishing process, including deburring, honing, lapping, polish-
ing, and reaming, and production use is being made at least of ultrasonic de-
burring processes.

One such technique is an outgrowth of ultrasonic slurry machining,
in which metal removal is effected by high-frequency hammering of the abrasgive
particles, induced by ultrasonic cavitation in the slurry, agalnst the work-
piece surfaces. For deburring, the workpleces are immersed in an ultra-
sonically activated liquid, which may be an etching solution, lubricant, or
other liquid and which may contain abrasive or non-abrasive particles. Small,
hard burrs and sharp edges are attacked first, and smocth surfaces are rela-
tively unaffected. This technique is most effective for small precision parts
where conventional tumbling and blasting can not be used. In one application,
however, a large tank was assembled for ultrasonically deburring a 2h-foot
wing spar; output was tripled and manhours reduced by two-thirds.

In a variation of this immersion technique, a shaped cutting tool
was used with an abrasive slurry to remove fine burrs. For deburring holes
and slots, a small portable ultrasonic tool has been used without a liquid
medium; because of the relatively low fatigue strength of the burr, it is
rapidly loosened and removed.

Another finishing operation involved the use of ultrasonics in con-
Junction with electrochemical etching and chemical milling to remove nickel
cladding from beryllium wire. The rate of material removal was increased,
surface finish was smoother, and the finished wire showed higher strength and
elongation in comparison with non-ultrasonically treated wire. In prototype
production, 50,000 feet of wire was processed without replenishing the solu-
tions.

Investigation of reaming with an ultrasonic torsional array mounted
on a lathe demonstrated fourfold increase in speed, as well as improved sur-
face finish and diametral precision.

Ultrasonic lapping and honing operations have likewise been carried
out with increased rates of metal removal, reduced pressures, and improved
surface finish. The ultrasonlc activation had the effect of reducing glazing
of the honing stones by fracture of the abrasive particles, thus contimiously
dressing the stone. -

Production application of these finishing processes is in being or

imminent, and their potentialities should be examined as a replacement for
present laborious hand-finishing techniques.
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C. Ultrasonic Metal Joining

The various ultrasonic processes included in the metal joining category
(ultrasonic welding, diffusion bonding, wrenching, press fitting, soldering
and brazing, and fusion welding) have little in cormon except they are all
means for joining two or more metal components. Their basic mechaniams dif-
fer, ultrasonic equipment configurations are different, and different ultra-
sonic effects are involved. In all cases, however, the ultrasonic assist is
observed to provide a stronger joint, more serviceable and more resistant to
static and fatigue stresses.

Ultrasonic welding and diffusion bonding are solld-state metallurgical
joining techniques wherein ultrasonic excitation ruptures surface films and
promotes either interatomic diffusion across the interface or mechanical
keying between the bare contiguous surfaces. Ultrasonlc wrenching and press
fitting are primarily friction reduction processes whereby closer mechanical
fits are achieved with lower mechanical power requirements. Soldering and
braging involve cavitation in the molten solder or braze alloy to rupture
surface films and permit wetting of the base metal. In fusion welding,
ultrasonics acts on the weld metal in the molten state to retard or break
up dendritic formations and produce refined grain structure along with the
accompanying improved mechanical propertles.

Of these processes, ultrasonic soldering and welding are accepted pro-
duction techniques for a broad range of applications. Prototype ultrasonic
wrenches have been developed and demonstrated on a pilot-plant basis. The
other techniques require further engineering development to achieve equiva-
lent status.

1. Ultrasonic Welding (Refs. 209-333, P129-P201)

This process, developed in the mid-1950's, has received more atten-
tion in the literature than any other ultrasonic metalworking process and is
being used in production in a variety of applications.

Ultrasonic welding of metals is a solld-state process wherein the
workpieces are clamped at moderate pressure between a welding tip or sono-
trode and a supporting anvil, and vibratory energy is introduced in a direc~
tion parallel to the weld interface. The high-frequency alternating stresses
rupture surface films, permitting nascent metal contact so that metallurgical
bonding can occur without melting of the metal (which produces brittle cast
structure) and without excessive deformation.

Commercial equipment is available covering power levels ranging
from about 10 watts to 6 kilowatts and frequencies from 15 to 60 kiloherts.
This equipment is of four basic types, for spot welding, ring welding
(peripheral welds of various planform geometries), line welding, and con-
timious seam welding. A welder may be a completely contained unit or it
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